A number of eukaryotic expression vectors have been developed for use as DNA vaccines. They showed varying abilities to initiate immune responses; however, there is little data to indicate which of these vectors will be the most useful and practical for DNA vaccines in different species. This report examines the use of five expression vectors with different promoters and Kozak sequence to express the same hemagglutinin (HA) protein of an H6N2 avian influenza virus for DNA vaccination in chickens. Although intramuscular vaccination with seven DNA constructs elicited no or limited measurable H6 HA antibody responses in Hy-Line chickens, variable reduction in virus shedding for either oropharyngeal or cloacal swabs post-virus challenge were observed. This indicated that all DNA constructs generated some levels of protective immunity against homologous virus challenge. Interestingly, lower dose (50 or 100 μg) of plasmid DNAs consistently induced better immune response than higher dose (300 or 500 μg). In the transfection experiments there appeared to be a hierarchy in the in vitro expression efficiency in the order of pCAG-optiHAk/ pCAG-HAk > pCI-HAk > VR-HA > pCI-HA > pCI-neo-HA > pVAX-HA. Since the level of in vitro expression correlates with the level of immune response in vivo, in vitro expression levels of the DNA constructs can be used as an indicator for pre-selection of plasmid vaccines prior to in vivo assessment. Moreover, our results suggested that the Kozak sequence could be used as an effective tool for DNA vaccine design.
cating bacterial plasmid vector encoding foreign antigens. It generally consists of two components: 1) a mammalian expression cassette (promoter/enhancer, antigen-encoding DNA and polyadenylation sequences) and 2) the bacterial plasmid backbone (necessary for plasmid amplification and selection) [1] [2] . DNA vaccines expressing the haemagglutinin (HA) gene of avian influenza viruses (AIVs) have provided solid immune protection against influenza virus infections in chickens [3] [4] [5] [6] [7] [8] . However, immunogenicity of DNA vaccines in chickens has been variable depending on DNA expression vector used [8] , gene inserted (antigenicity of encoded insert) [9] [10], animal species [11] or mouse strain [12] , injected DNA dose [10] [13] [14] , volume [15] , application methods and delivery route [9] [16] .
Among these factors affecting DNA vaccine efficacy, selection of an appropriate vector used for expression of the antigen can have a huge impact on immunogenicity [2] . A promoter/enhancer, responsible for transcriptional initiation, is critical to successfully drive the expression of heterologous genes of interest [8] [13] [14] . Other elements, such as intron, polyadenylation signals and the plasmid backbone sequence, can also affect the level of expression of the antigen [1] [10] [17] [18] . Moreover, the insertion of a Kozak sequence and the use of a codon optimised gene may have marked effects on gene expression efficiency [5] [17] .
To date, a number of expression vectors have been developed and used in DNA vaccine research. The VR1012 vector, which contains CMV/IE promoter, bovine growth hormone (BGH) polyadenylation site and Kan r gene in a modified pUC backbone, encoding NP and M gene from PR8 virus [19] [20], or encoding HA from A/turkey/Wisconsin/68 (H5N9) [8] , induced protective immunity against lethal challenge to some extent. The pCI and pCI-neo vector, which contain the CMV/IE enhancer/promoter region, a β-globin/IgG chimeric intron and an SV40 late polyadenylation signal, have been used to generate vaccine plasmid pCI HA or pCI-neo HA which elicited measurable antibody titres in chickens against A/Goose/Guangdong/1/96 (H5N1) or A/turkey/Wisconsin/68 (H5N9) respectively [3] [8] . The pVAX1 vector, which contains CMV/IE enhancer/promoter and BGH polyadenylation signal, but lacks an intron in its backbone, was employed to clone HA, neuraminidase (NA) and matrix (M1) consensus sequences from circulating H5 AIV to generate recombinant constructs, which induced highly cross-reactive cellular immune responses against H5 influenza antigens in mice [21] . The vector pCAGGS, containing the chicken β-actin promoter, the CMV enhancer and a rabbit β-globin poly (A) sequence has been shown to be effective in DNA vaccines for H5 AIV [5] and influenza [22] . Although many expression vectors showed their effectiveness for DNA vaccination, the data on which of these vectors will be the most useful and practical for use with DNA vaccines is seldom available. In this study, we compared five expression vectors expressing the same HA gene of an H6N2 influenza virus, resulting in seven DNA constructs, in an attempt to assess the effect of eukaryotic expression vectors on immunity in commercial chickens using an avian influenza model as a proof-of-concept study.
Materials and Methods

Preparation of DNA Constructs
The full-length HA gene of A/coot/WA/2727/79 (H6N2) was amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) and cloned into the VR10102 vector (VR) (provided by Dr Cassandra James, Murdoch University, Australia) to generate the VR-HA construct as previously described [23] . Forward and reverse primers for amplifying HA gene were respectively aaCTGCAGCAAAAGCAGGGGAAAATG and cgcGGAT-CCTTTCTAATTATATACATATYYTGC (Restriction endonuclease sequence is in italic). The complete open reading frame (ORF) of A/coot/WA/2727/79 (H6N2) virus HA gene was 1701 nucleotides long and encoded a protein of 576 amino acids (GenBank accession No. CY028243). Protective nucleotide bases in lower case were added before recognition sites for restriction endonuclease). The HA gene was subcloned into the pCI or pCI-neo vectors (kindly provided by Dr David Suarez, Southeast Poultry Research Laboratory, USA) at the EcoRI and XmaI sites to generate pCI-HA and pCI-neo-HA constructs and was similarly subcloned into the pVAX1 vector (provided by Professor Graham Wilcox, Murdoch University, Australia) at the EcoRI and HindIII sites to generate the pVAX-HA construct. The HA gene or a chicken codon-optimized HA gene, incorporating a Kozak enhancer sequence, was cloned into a pCAGGS vector to produce the pCAG-HAk and pCAG-optiHAk constructs as previously described [24] . The HA gene was subcloned from the pCAG-HAk vector into the pCI vector at the EcoRI and SmaI sites to generate a pCI-HAk construct. The plasmid DNAs were prepared using the alkaline lysis method as described previously [25] .
Transient Expression of Recombinant Plasmids in Eukaryotic Cells
Chicken embryo fibroblast (CEF) cells, human embryonic kidney cells (293T), African green monkey kidney cells (Cos-7) and hamster kidney cells (BSR) were prepared using standard procedures. The Cos-7 cells were transfected transiently using FuGENE ® HD Transfection Reagent (Roche Diagnostics Australia Pty. Ltd., NSW, Australia) or Lipofectamine TM 2000 (Invitrogen Corp, CA, USA) following the manufacturer's protocol. The expression products of DNA constructs were identified after 36 -48 h by either Western blotting or immunofluorescent test (IFT) with an H6 specific polyclonal antibody as described [23] .
Experimental Design of the Vaccination and Challenge Study
The Hy-Line layer pullets (supplied by Altona Hatchery Pty. Ltd., Australia), serologically negative for avian influenza A virus as determined by blocking ELISA [26] , were raised in a free-range pen and fed commercial poultry feed and water ad lib. DNA vaccine formulations with lipofectin adjuvant were conducted as described [8] .
The vaccinated birds were bled by venepuncture every two weeks (every week for experiment 3) to measure the H6-specific antibodies using haemagglutination inhibition (HI), ELISA or immunoblotting assay (Shan 2010a) . Each chicken received a total dose of 1 mL of challenge virus (EID 50 10 6.25 -EID 50 10 7.25 /0.1 mL) given via the intranasal (0.25 ml), conjunctival (0.25 ml) and oral (0.5 ml) routes. Following virus challenge, swabs were collected daily for virus isolation as described previously [27] .
The immunization regime in experiment 1 was shown in Table 1 . Four groups of three 6-week-old chickens each were injected intramuscularly twice at 3-week interval with 100 or 500 μg VR-HA or blank vector (VR) plasmid DNA dissolved in 0.2 mL 0.9% NaCl, with or without lipofectin as adjuvant. A third intramuscular injection of their respective dose of plasmid DNA together with lipofectin was given 6 weeks later after booster. Selected groups were subjected to virus challenge at 7 weeks following the last vaccination. The control group was injected intramuscularly with 1 mL of inactivated H6N2 virus vaccine (IVV) [28] .
The immunization regime in experiment 2, using plasmids pCI-HA, pCI-neo-HA, pVAX-HA or IVV, was similar to the procedure described previously [29] . Each group of five 3-week-old birds received two separate injections in the breast muscle of 0.2 mL plasmid DNA diluted in PBS, with or without lipofectin adjuvant, three times at 4-week intervals. Virus challenge was done at 6 -7 weeks after the third vaccination.
In experiment 3, each group of five 3-week-old birds and a naive control group with six birds were vaccinated twice at 3-week intervals with 100 μg pCAG-HAk, pCAG-optiHAk or pCI-HAk vaccine constructs. Virus challenge was done at three weeks after the second vaccination.
Birds following challenge were euthanased and packed in sealed biosafety containers, including composting and leftover feed, for incineration.
Data Analysis
All statistical analysis of HI antibody titres was conducted as geometric mean titres (GMT). Statistical analyses of experimental data and controls were conducted by using the paired-sample T-test, and one way analysis of variance (ANOVA) (Mann-Whitney Test was used as homogeneity of variance testing showed statistical significance) with SPSS statistical software version 15 as well as Chi-square (Fisher's exact test was used when the sample number was less than 5) using Statistix. Statistical significance was defined at the level of P < 0.05. Number of sero-conversions/total number of vaccinated chickens (HI titre shown as GMT (log 2 ) ± standard deviation (SD)); Within the column the different uppercase superscript letter indicates statistical differences (P < 0.05); ***
Results
In vitro Expression of Different HA-Expressing Constructs
The resultant DNA constructs by DNA recombinant technology were identified by restriction endonuclease digestions and further confirmed for the fidelity of the HA gene and insertional direction using sequencing. As shown in Figure 1 , the pCAG-HAk and pCAG-optiHA constructs gave the strongest bands. Next was the pCI-HAk construct. These three constructs were at least 4-fold stronger in band intensity than either the pCI-HA or VR-HA constructs and the band intensity for VR-HA was clearly stronger than that for pCI-HA. Similarly, in another transfection experiment, the pCI-HA gave the strongest band，followed by the pCI-neo-HA, and the weakeast band was the pVAX-HA (picture not shown).
The hierarchy of different DNA constructs in the in vitro expression efficiency obtained by IFT test in CEF, Cos-7, 293T and BSR cells was similar to those by Western blotting, namely pCAG-optiHAk/pCAG-HAk > pCI-HAk > VR-HA > pCI-HA > pCI-neo-HA > pVAX-HA. As shown in 
Antibody Responses in Vaccinated Chickens
In experiment 1, chickens administered 100 μg or 500 μg VR-HA twice with or without lipofectin adjuvant did not induce measurable antibody. Following three vaccinations, only one chicken from the 100 μg adjuvanted VR-HA group produced a low level of HI antibody ( 2 1 ), which was confirmed by immunoblotting assay ( Table  1) . Another chicken from the 500 μg adjuvanted group did not develop HI antibody, but its immunoblotting antibody titre was 1/20. No antibody was detected in other immunized chickens. The HI titre in VR-HA vaccinated chickens on 10 days post challenge ranged from 2 5 to 2 14 in the VR-HA vaccinated groups. In Experiment 2, no HI titre was detected in any pCI-HA, pCI-neo-HA and pVAX-HA vaccinated chickens 6 weeks after the first, second or third vaccination. However, at 7 days post virus challenge the chickens showed a range of HI titres ( Table 2 ). There was a significant difference in the geometric mean titres (GMT) of HI antibody post challenge between the 100µg adjuvanted pCI-HA group and the naive control group, the non-adjuvanted and the adjuvanted pCI-HA groups. However, this was not observed in pCI-neo-HA and pVAX-HA groups.
In Experiment 3, no HI antibody production was measurable in Hy-line chickens vaccinated with the 100 µg pCI-HAk, pCAG-HAk or pCAG-optiHAk plasmids. However, all three vaccine groups and the naive control group showed a significant increase in GMT of HI antibody after challenge ( Table 3) .
Virus Shedding in Vaccinated Chickens Following Virus Challenge
No clinical signs were observed in both vaccinated and control groups following an H6N2 low pathogenicity AIV challenge.
As illustrated in Table 4 , virus shedding in the blank vector vaccinated chickens occurred intermittently over the observation period after challenge. In comparison with the blank vector group, the 100 µg VR-HA group showed a highly significant decrease in virus shedding in oropharyngeal and cloacal swabs, but this did not occur in the 500 µg VR-HA group. Moreover, the 100 µg VR-HA group was significantly different in virus shedding for oropharyngeal and cloacal swabs from the 500 µg VR-HA group. Table 2 . Antibody response prior to challenge (PRC) and post challenge (POC) for naive controls, inactivated vaccine (IVV) and different DNA vaccine groups (pCI-HA, pCI-HA-neo and pVAX-HA) at the doses indicated (in μg) in experiment 2. HI titre of each group shown as GMT (log 2 ) ± standard deviation (SD); Within the column the different uppercase superscript letter indicates statistical differences (P < 0.05) using Paired-sample T test. For the row groups with different lowercase superscript letter are significantly different (P < 0.05) using ANOVA or Mann-Whitney test. Table 3 . Antibody conversion and virus shedding in oropharyngeal (OS) and cloacal swabs (CS) in chickens immunized with different DNA constructs (pCAG-HAk, pCAG-optiHA and pCI-HAk) following virus challenge in Experiment 3. HA positive numbers/total sample numbers. Percentages are shown in parenthesis; For the row groups with different lowercase superscript letter are significantly different (P < 0.05) using Chi-square or Fisher exact tests.
As summarized in Table 5 , in non-adjuvanted groups, there was no significant difference in virus shedding in oropharyngeal swabs between the naïve control group and any of the HA-expressing DNA vaccine groups except for the 300 µg pCI-HA group (Chi-square, P = 0.043). However, there were significant differences in the level of virus shedding in cloacal swabs between the naïve control group and the groups vaccinated with 50, 100 and 300 µg pCI-HA; 50 and 100 µg pCI-neo-HA; or 50 µg pVAX-HA. For adjuvanted groups, there were no significant differences in virus shedding in oropharyngeal swabs but significant differences in cloacal swabs between the naïve control group and either the adjuvanted 100 μg pCI-HA or 100 μg pCI-neo-HA groups.
In addition, there were significant reduction in virus shedding via the oropharynx in chickens between the 50 μg and 300 μg, 100 μg and 300 μg of the pCI-HA vaccine. Significant differences also occurred in cloacal shedding between 100 μg and 300 μg doses of the HA-pCI-neo vaccine and between 50 μg and 300 μg doses of pVAX-HA.
As shown in Table 3 , there appeared to be a reduction in virus recovery from oropharyngeal and cloacal swabs in all three vaccinated groups compared with the naive control group. In terms of percentage of virus recovery from oropharyngeal and coacal swabs, the pCAG-HAk group was lower than the pCAG-optiHAk or the pCI-HAk groups although there were no significant differences.
Discussions
Efficient expression of heterologous genes in an appropriate eukaryotic vector is a prerequisite for the development of DNA vaccines. The impact of expression vectors on immune responses has been reported by comparing two plasmid configurations [9] [13] [14] [30]- [32] , or three plasmid vectors [2] . Little has been reported on the comparison of multiple expression vectors [8] . In this study, five expression vectors containing different combinations of the widely used CMV promoter and the chicken β-actin promoter as well as various enhancer and polyadenylation sequences were investigated to provide information on the selection of an appropriate vector for the development of a DNA vaccine in chickens. Although the three experiments were not conduced at the same time with the same immunization regimen, similar findings were demonstrated with seven HA-expressing DNA constructs (VR-HA, pCI-HA, pCIneo-HA, pVAX-HA, pCI-HAk, pCAG-HAk and pCAG-optiHAk) in three experiments. All seven HA-expressing DNA constructs gave no or poor antibody responses to the H6 virus HA, even using more sensitive antibody detection methods (ELISA and immunoblotting assay). Nevertheless, all DNA vaccinated groups showed rapidly increasing antibody responses to virus challenge. Although statistical aberrations due to small group sizes cannot be ruled out, there were statistically significant increases in antibody titre between pre-and post-challenge in most DNA constructs and the inactivated vaccine group, but not observed in blank vector or naive control groups. This suggested that DNA vaccination at least provided some evidence of playing a priming role in the antibody response following virus challenge.
With regard to virus excretion post-virus challenge, as compared with the empty VR vector controls, there was an apparent reduction in virus shedding in oropharyngeal and cloacal swabs in VR-HA groups, however, greater reduction in virus shedding was observed in the inactivated vaccine group. This indicated that the VR-HA vaccine was inefficient at reducing virus shedding following virus challenge. Similarly, when compared to the naive control chickens, there appeared to be a reduction in virus shedding post-challenge in cloacal swabs (experiment 2 and 3) and oropharyngeal swabs (experiment 3) in vaccinated chickens post challenge. This indicated that all these DNA vaccines generated some levels of protective immunity against homologous virus challenge.
In experiment 1, although there was no significant difference in virus titre shed via oropharynx between lower dose and higher dose groups of the VR-HA construct, the frequency of virus shedding in cloacal and oropharyngeal swabs was significantly lower in the lower dose (100 µg) groups than in the higher dose (500 µg) groups. Similar results were obtained using the pCI-HA, pCI-neo-HA and pVAX-HA constructs. The lower dose groups (50 or 100 µg) appeared to be more effective at reducing virus shedding in cloacal swabs than the higher dose group (300 µg). This suggested that lower doses of HA-expressing DNA vaccine appeared to induce better protective responses than higher doses. In an early HIV experiment, higher amounts of plasmid encoding cytotoxic T lymphocyte (CTL) epitopes of HIV gp160 gave lower CTL responses after single gene gun immunization [9] . Another study showed similar results [13] . The reason why the lower dose induced better immune response is not yet fully understood. Presumably, large amounts of plasmid might generate too vigorous cellular immune responses which perhaps kill off the transfected cells too early to maintain immune stimulation, thereby resulting in attenuated vaccine responses [9] . Moreover, the possibility that high dose DNA is introduced into extracellular spaces by the intramuscular route, potentially leading to a more rapid clearance of DNA, cannot be ruled out [11] .
DNA vaccines have been demonstrated to elicit antibody responses since their first description in 1990 [33] , but their capacity to induce antibody responses has been shown to be quite variable in chickens [3] [6] . In a previous study, chickens vaccinated with an H5 AIV DNA vaccine by gene gun did not produce detectable prechallenge antibodies, but produced high antibody titre and provided complete protection after homologous virus challenge [6] . Our results showed similarities with that study. All DNA constructs did not induce measurable antibody before challenge in Hy-Line chickens, but showed different degree of reduction in virus shedding via oropharynx and cloaca post virus challenge. Since DNA vaccines induce antibody and cell-mediated immune response, one can speculate that evidence of protection after DNA vaccination in the absence of humoral immunity is considered an indicator of cellular immunity, although cellular immune indicators [6] were not able to be measured in this study.
Some DNA vaccination studies indicate that there was a direct correlation between the level of protein expression in vitro and immunogenicity in mice [34] , pigs [30] and chickens [5] [8] . In the present study, although the various HA-expressing DNA construct vaccines did not induce significant antibody responses, there was some enhanced HA antibody responses and some reduction in virus shedding after virus challenge with these vaccines. This varied between the DNA vaccine constructs in a way that tended to correlate with their level of in vitro expression in Cos-7 mammalian cells. Overall, the transfection experiments showed a hierarchy in the in vitro expression efficiency in the order of pCAG-optiHAk/pCAG-HAk > pCI-HAk > VR-HA > pCI-HA > pCI-neo-HA > pVAX-HA, but with the constructs containing Kozak sequence clearly stronger than the others. In the virus challenge experiments the 100 μg adjuvanted VR-HA vaccine reduced virus expression compared with the blank plasmid control (Experiment 1) to a greater extent than 100 μg adjuvanted pCI-HA vaccine compared with the naive control (Experiment 2). Similarly, the reduction in virus shedding in oropharyngeal and cloacal swabs in Experiment 2 trended to be less in birds vaccinated with 100 μg pVAX-HA, than with 100 μg pCI-neo-HA, than with 100 μg pCI-HA constructs. This was consistent with the level of HA expression shown in Cos-7 cells in Figure 2 . In Experiment 3, the three Kozak sequence containing constructs which showed similar levels of expression in Cos-7 cells by Western blotting showed similar apparent reduction in virus shedding in oropharyngeal and cloacal swabs but with the trend of pCAG-optiHAk/pCAG-HAk > pCI-HAk compared with the naive controls. The in vivo comparison between pCI-HA and pCI-HAk vaccine constructs was not able to be done in this study. In other studies, the level of protein expression following transfection into mammalian or avian cells by other DNA pCAG-optiHAk constructs showed a direct relationship with the magnitude of immune responses in chickens receiving these DNA vaccines [24] . Also, with the trend evident in this study that the level of in vitro expression correlates with the level of immune response in vivo, it is proposed that in vitro expression levels of the plasmid vaccines be used as an indicator for pre-selection of plasmid DNA vaccines prior to costly in vivo evaluation of a DNA vaccine.
As illustrated in Figure 1 , the difference in band intensity of expression between the pCI-HAk and the pCI-HA (Kozak effect) was much greater than that between the pCAG-HAk and pCI-HAk (vector effect). This indicated that the Kozak sequence appeared to play a more important role in initiating protein expression among these three DNA constructs than the vector effect. It highlighted that the Kozak sequence could be used as an effective tool to increase the expression of target genes for DNA vaccine design in chickens. In vitro expression experiments with the pCAG-HAk vector also demonstrated that both the Kozak sequence and the pCAGGS vector were accountable for the increased level of expression, suggesting that both had a synergistic effect on the expression of DNA constructs. Therefore, optimization of an expression vector and insertion of a Kozak sequence could be used to potentially increase the efficacy of DNA vaccines in chickens.
